[1] Atmospheric aerosols in the PM 10 and PM 1 fractions have been sampled at the Global Atmospheric Watch station Mount Cimone, Italy (2165 m above mean sea level) for 3 months during summer 2004, and simultaneous size distributions have been derived by means of an optical particle counter. Samples have been analyzed by X-ray fluorescence, ion chromatography, and thermal-optical methodology in order to quantify their elemental, ionic, and carbonaceous constituents. The concentration of PM 10 was 16.1 ± 9.8 mg m À3 (average and standard deviation). Source apportionment allowed us to identify, quantify and characterize the following aerosol classes: anthropogenic pollution (10 mg m À3 ), mineral dust (4 mg m À3 ), and sea salt (0.2 mg m
Introduction
[2] Atmospheric aerosols are a major unknown to climate research since they present a large day-to-day variability in terms of origin, composition, size distribution and global distribution. A major issue concerns the magnitude of the natural and anthropogenic components of the aerosol population [Intergovernmental Panel on Climate Change, 2001] . Besides being important for the evaluation of climatic impacts, the same issue is relevant to the application of environmental limits on aerosol concentration. In fact, local and regional sources are not the only factor affecting the aerosol contribution at a measurement site, since longrange transport can occur. The Sahara desert, for instance, is a major source of particulate matter, usually considered of natural origin (although a relevant part of mineral aerosols is attributed to desertification and land misuse, and thus to human activities [Tegen and Fung, 1995] ). Saharan dust can travel over distances of several thousands kilometers [Morales, 1986; Chiapello et al., 1999; Borbély-Kiss et al., 2004] , reaching altitudes going almost up to the tropopause [Gobbi et al., 2000] . In southern European environments Saharan sources may cause a number of PM 10 exceedances with respect to air quality standards [Rodríguez et al., 2001] .
[3] Aerosol samples are usually collected at urban sites. However, as local sources dominate in cities, it can be difficult to isolate features proper of long-range transport and of background conditions. Instead, sampling at remote sites is mostly useful for characterizing the regional background and for identifying air mass transport effects [see, e.g., Braga Marcazzan et al., 1993; Schwikowski et al., 1995] . Aerosol sources can be revealed through the evaluation of the composition. More insight is given by source apportionment and the correlation with relevant meteorological parameters.
[4] In this work, results of aerosol samplings in the PM 10 and PM 1 fractions carried out in 2004 at the Mount Cimone Global Atmospheric Watch (GAW) station during a 3-month summertime campaign are presented. Mount Cimone (44°11 0 N, 10°42 0 E, 2165 m above mean sea level (amsl)), the highest peak of the Italian northern Apennines, is considered representative of southern European continental background conditions [Bonasoni et al., 2000b; Fischer et al., 2003] . Located in the free troposphere most of the time, it has, however, been verified that during the warm season boundary layer air masses may reach this site, because of vertical mixing and mountain wind regime [Fischer et al., 2003; Van Dingenen et al., 2005] .
[5] The aerosol sampling campaign started on 30 June (Julian day (JD) 182) and ended on 6 October 2004 (JD 280), with the aim of improving the description of the background aerosols in southern Europe, with emphasis on fine particles, and on evaluating the contribution of remote and regional sources. A significant subset of aerosol properties (size-fractionated concentration, detailed composition and size distribution) have been continuously monitored. In the past, the compositional characterization of aerosol samples collected at this mountain site has been examined for ionic, carbonaceous and refractory components [Putaud et al., 2004; Van Dingenen et al., 2005] . Within this research, elemental analysis has allowed us to identify the major aerosol components, in order to obtain a more complete picture.
[6] For the size fraction PM 1 , only few previous elemental characterizations at mountain sites have been reported before [Streit et al., 2000] . The study of this fraction is of importance since accumulation mode particles (0.1 -1 mm diameter) dominate radiative effects in the visible range, due to the fact that they are preponderant in number and, having a size comparable to visible wavelength, they have a large scattering efficiency. Moreover, it is in the fine aerosol fraction that the anthropogenic influence is preponderant, including emissions of strongly absorbing aerosols such as black carbon.
[7] Aerosol composition and air mass origin are intimately correlated and can be used to distinguish between aerosol types and thus quantify the natural and anthropogenic components. In this paper, source apportionment techniques are used for the characterization of the aerosols, and the description of the relevant meteorological drivers is attempted using back trajectories and Planetary Boundary Layer data.
Sampling and Methods

Field Campaign
[8] Aerosols have been sampled on 47 mm diameter filters, using CEN-equivalent sequential samplers from TCR-Tecora equipped with PM 10 and PM 1 sampling heads.
PM 10 was sampled on polytetrafluoroethylene (PTFE) substrate, at the rate of one filter every 24 hours. PM 1 was sampled in parallel on both PTFE and prefired quartz fiber filters, at the rate of one every 48 hours. Sampling was performed at a constant air flux of 2.3 m 3 h À1 (actual flux) through each filter, and filter changes were programmed to take place at midnight local time.
[9] PM 10 sampling on PTFE started on JD 182; PM 1 sampling on PTFE started on JD 191; and PM 1 sampling on quartz fiber started on JD 213. All samplings ended on JD 280, after a 99-day-long campaign. Because of adverse meteorological conditions, several data have been lost: Finally, 57/99 PTFE-PM 10 samples, 24/44 PTFE-PM 1 samples, and 21/34 quartz-fiber-PM 1 samples have been retained. Data loss has occurred between JD 197 and 210 and after JD 254, simultaneously on the three samplers.
[10] Additional daily PM 10 samples on PTFE filters have been collected from JD 206 to 277 in Modena, Italy, by the Regional Agency for Prevention and Environment, EmiliaRomagna [D'Alessandro et al., 2006] . Modena is a middlesized town located in the Po Valley (60 km north of Mount Cimone, 30 m amsl). These samples are used here as a term of comparison with the Mount Cimone results, in order to give a hint on the correlation between the two sites and on transport phenomena.
[11] In addition to samplers, a Grimm 1.108 optical particle counter (OPC) placed at Mount Cimone provided the aerosol number size distribution for diameters (D p ) between 0.3 and 20 mm in 15 size channels, with a 1-min time resolution. The instrument is based on the quantification of the 90°scattering of light by aerosol particles. According to the specifications, the reproducibility of the OPC in particle counting is ±2% [Putaud et al., 2004] . Hereinafter, when referring to the OPC measurements, we use the term ''fine particles'' to denote particles with 0.3 mm < D p 1 mm, and the term ''coarse particles'' for 1 mm < D p 20 mm.
Laboratory Analyses
[12] Samples have been analyzed gravimetrically after being conditioned for 48 hours at constant temperature (20 ± 1°C) and relative humidity (50 ± 5%). To determine the particulate matter concentration, filters have been weighed both before and after sampling with an analytical balance (sensitivity 1 mg). All concentrations given in this paper, gravimetric and compositional, refer to normalized air volumes, i.e., to 1 atm and 0°C.
[13] Information on the aerosol composition has been gathered through the use of energy dispersive X-ray fluorescence (ED-XRF). This technique has sensibility for elements with atomic number Z ! 11, and thus the carbonaceous part and nitrates remain undetected [Van Grieken and Markowicz, 1993] . The technique is efficient in distinguishing several important aerosol types, such as for instance mineral dust, sulfur-containing particles and sea salt. Elemental concentrations on the PTFE filters were determined at the laboratories of the Universities of Genova and Milano, using two ED2000 spectrometers by Oxford Instruments, following a methodology already adopted in previous works [Marcazzan et al., 2001] . The following elements have been identified: Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se, Br, Sr, Pb. Detection limits were 2-100 ng cm À2 on the filter deposit (depending on element); [Chow and Watson, 1999] , using an ICS-1000 Ion Chromatography System (Dionex). A quarter of each filter has been extracted in Milli-Q water: Three successive extractions of 20 min in an ultrasonic bath were needed for a nearly complete recovery, with the renewal of the water at each step. In each of the 3 extraction steps 2 mL of Milli-Q water have been used. For each of the three solutions obtained, an aliquot of 1.5 mL was drawn and the three aliquots joined in a clean tube from which the solution for ions determination (100 mL) was withdrawn. The extracts have been analyzed by IC for major ionic species with an estimated overall uncertainty of 10-15% or better on ionic concentrations. Anions determination has been performed by means of a Ion Pac AS14A column (Dionex) using 8 mM Na 2 CO 3 /1 M NaHCO 3 as eluent at 1 mL min À1 flow rate and, for the detection, a conductivity system equipped with a ASRS-ULTRA suppression mode (Dionex). Cations determination has been performed by means of a CS12A column (Dionex) using 20 mM methanesulfonic acid as eluent at 1 mL min À1 flow rate and, for the detection, a conductivity system equipped with a CSRS-ULTRA suppression mode (Dionex). The concentration of the following species has been retained: ammonium (NH 4 + ), sulfate (SO 4 2À ) and nitrate (NO 3 À ).
[15] The carbonaceous content of samples deposited on Mount Cimone PM 1 quartz fiber filters has been quantified for both organic (OC) and elemental carbon (EC). A rectangular portion (area 1.5 cm 2 ) of each filter has been analyzed by a thermal-optical transmission method (TOT) by means of an OC/EC carbon analyzer (Sunset Laboratory Inc., USA) using the NIOSH 5040 protocol [Chow et al., 2001] . Filters were prefired prior to sampling, by heating them at 700°C for 1 hour. Details on the methodology are given by Birch and Cary [1996] . The estimated uncertainty on derived concentrations is 5 -10%.
Source Apportionment Methodologies 2.3.1. Aerosol Composition
[16] Estimate of mineral dust concentration has been made by combining the concentrations for crustal elements, multiplied by the respective molar correction factors, according to Eldred et al. [1987] and Malm et al. [1994] . The factors have been derived assuming that the elements are present in the form of oxides, according to the composition of the Earth's crust given by Lide [1992] ; the two iron oxides have been assumed equally abundant; and the concentration of K has been extrapolated from Fe so that nonsoil K (from smoke) is not accounted (based on our correlation line between the two elements, [K] soil = 0.47 [Fe] ). Finally, molar correction factors have been proportionally increased by 12% to account other compounds present in the average sediment. The relationship used is the following: The above formula yields correct results for all types of soil listed by Lide [1992] , except for limestone where a large fraction of the mass, given by carbonate, is missed.
[17] A first estimate of sea salt could be given by [Na] + [Cl] ; however, actual sea salt resembles more a mixture of NaCl (82% by weight), MgCl 2 (8%) and MgSO 4 (10%). A full characterization is given by Lide [1992] , and based on the composition of seawater given therein the following relationship has been adopted:
which is similar to the approach by Virkkula et al. [1999] . The 1.46 factor in front of Na stands for other ionic constituents (representing 14% of sea salt), and Cl is added separately. It has to be noted, however, that a different approach is possible [Malm et al., 1994] : Sea salt can be calculated from Na only, using the appropriate molar correction factor. The latter approach often results in a larger estimate, since in aerosols Na and Cl are seldom found in the same proportion as in seawater: Cl can be volatilized by reacting with acidic species [Seinfeld and Pandis, 1998; Lee et al., 1999] or with ammonium nitrate on the samples . Maryland, 1996) and a composition of pure NaCl, this underestimation has been evaluated to amount to as much as 35% for 2 mm diameter particles (close to the effective diameter for sea salt particles that we have found; see section 3.4). No correction has, however, been performed in this work, as the actual composition of sea salt particles within the samples is unknown.
[18] Concerning sulfur compounds, a few preliminary considerations based on our IC results must be made, based on the observation that daily S, SO 4 2À and NH 4 + concentrations have been found to be strongly correlated. The correlation coefficient between S and SO 4 2À , obtained by linear regression, is 0.98 for the PM 10 data and 0.995 for PM 1 ; the correlation coefficient between NH 4 + and SO 4 2À is 0.97 for PM 10 (after the removal of three outliers) and 0.98 for PM 1 . The overall average SO 4 2À /S ratio (PM 10 and PM 1 samples together) is 3.4 ± 0.4, which is compatible with the hypothesis that all S is present as sulfate ion (the value expected for sulfate is 3.00). The overall average SO 4 2À /NH 4 + ratio (PM 10 and PM 1 samples together) is 2.4 ± 0.3, and is compatible with the assumption that all sulfate is neutralized by ammonium, in the form of ammonium sulfate, (NH 4 ) 2 SO 4 (the expected ratio for pure ammonium sulfate is 2.66). The data are therefore compatible with associating S to secondary sulfates, originating from sulfur dioxide due to fossil fuel burning, and transported from polluted areas (as also assumed by Malm et al. [1994] [Henning et al., 2003] . In this paper, ammonium nitrate has been evaluated by adding together the excess NH 4 + , determined after substraction of the quantity needed to neutralize SO 4 2À , and the corresponding equivalents of NO 3
À . The remaining part of NO 3 À has been separately accounted as unbalanced nitrate: In the sample the ionic balance might have been provided by H + (acidic aerosols), or the metals observed by ED-XRF (and already accounted as crustal oxides). It is known, for instance, that mineral dust particles containing calcium carbonates (calcite and dolomite) may react with gaseous nitric acid in the atmosphere to form nitrate salts, and that this reaction is not surface-limited and affects the bulk of the particle [Krueger et al., 2004] . Considering NH 4 + , SO 4 2À and NO 3 À , in our data set the balance between anions and cations is verified in the PM 1 fraction, but not for PM 10 where an excess anions is found, denoting the presence of unbalanced NO 3 À .
[20] Organic matter (OM) can be deduced from OC with a conversion coefficient of 2, appropriate for rural sites as documented by Turpin and Lim [2001] and El-Zanan et al. [2005] . The use of a ''large'' OM/OC ratio for rural sites is explained by the fact that, on one side the contribution of biogenic aerosols is expected larger than in urban areas, and on the other side anthropogenic particles tend to be aged and therefore more oxygenated [El-Zanan et al., 2005] . It must be remembered, however, that using an a priori ratio is not a robust approach, as the mix of organic compounds in aerosols varies [Turpin and Lim, 2001 ].
Principal Components
[21] The correlation of multiple variables can be studied by means of multivariate statistical techniques [Mather, 1976; Hansson et al., 1984; Swietlicki et al., 1987; Marcazzan et al., 2003] . Here principal component analysis (PCA) has been applied to the aerosol data set: The resulting factor loadings table is used to group measured variables into different components, each representing a set exhibiting a correlated behavior. The fluctuation of elemental concentrations within each component can therefore be assumed to be associated to a common cause, e.g., a same production or advection mechanism. Moreover, absolute principal component analysis (APCA) permits to quantify the portion of the measured aerosol concentration, determined gravimetrically, that is associated to each identified component [Thurston and Spengler, 1985; Keiding et al., 1986; Swietlicki et al., 1996] . On the basis of a statistical approach, the method is thus capable of quantifying the overall portion of the aerosol concentration associated to each component, including the part that is not directly observed by our analytical techniques: For instance, the ED-XRF data set does not include light elements such as H, C, N and O; however, the APCA may reconstruct the overall concentration in each component.
[22] PCA has been applied to the PM 10 data set only, since the number of PM 1 samples has been judged statistically insufficient; moreover, as will be shown, source apportionment for PM 1 appears quite simple so as to be interpreted directly.
Meteorological Interpretation Tools
[23] Air masses reaching Mount Cimone have been traced using back trajectories computed using the Hybrid SingleParticle Lagrangian Integrated Trajectory (Hysplit) model (R. R. Draxler and G. D. Rolph, NOAA ARL HYSPLIT model, http://www.arl.noaa.gov/ready/hysplit4.html, NOAA Air Resources Laboratory, Silver Spring, Maryland, 2003) , initialized with synoptic meteorological fields produced by the National Centers for Environmental Prediction and archived at the NOAA Air Resources Laboratory (FNL archive). A critical review on the use of trajectories is given by Stohl [1998] , and the advice therein has been found precious for this research, with particular reference to the sources of error and divergence and the recommendation on using trajectory ensembles. The latter recommendation is also supported by the work of Seibert [1993] and Baumann and Stohl [1997] .
[24] For each campaign day we have also determined the daytime mixing height, or mixed layer depth, from radiosondes launched at San Pietro Capofiume (100 km northeast of Mount Cimone, 38 m amsl) at 1400 local time; the radiosonde data having been downloaded from the University of Wyoming Web site http://weather.uwyo.edu/upperair/ sounding.html). For each profile, the mixing height has been set by looking at discontinuities in the gradient of potential temperature, absolute humidity, and wind speed and direction. Although set in a subjective manner, we estimate ambiguities in the mixing height determination not being larger that a few hundred meters. San Pietro Capofiume represents the nearest radiosounding station in respect with Mount Cimone, and data from this station have been used in a wide number of research projects and publications for deriving the vertical characterization of the atmosphere over the Po basin and explaining the behavior of atmospheric constituents at Mount Cimone [e.g., Bonasoni et al., 2000a; Seibert et al., 2000; Cristofanelli et al., 2006] . Because of the flat orography of the Po Valley, soundings carried out at San Pietro Capofiume can be considered representative of a large geographical area lying between the Apennines and the eastern coast of Emilia-Romagna. Obviously, some differences in the mixing height are possible; nevertheless the weather conditions promoting the increase of mixed layer depth, such as intense solar radiation, large temperature and high pressure, also favor the transport of pollution from lowlands to the northern Apennines [Seibert et al., 2000; Bonasoni and Cristofanelli, 2001] .
Campaign Results
General Features of Mount Cimone Aerosols
[25] In Figures 1a and 1b , the graphs of the PM 10 and PM 1 aerosol concentration (determined gravimetrically) and of the particle number concentration for coarse and fine particles (determined by OPC) are displayed. ); where the standard deviation is a measure of the variability of the observed variable.
[26] These quantities show large variations. As far as PM 10 is concerned, for instance, the minimum and maximum concentrations amount to 5.4 and 69.9 mg m À3 , respectively. The most striking feature is the aerosol peak on days 222-224; by removing those three days from the data set, the PM 10 average reduces to 14.5 mg m À3 (standard deviation: 6.0 mg m À3 ). The PM 1 concentration seems unaffected by the large PM 10 variations that occur on JD 222 -224 ( Figure 1a ): This indicates that the observed feature has to be ascribed to coarse particles, as confirmed by the OPC data (Figure 1b) .
[27] Tables 1 and 2 display the average concentrations of individual constituents, together with the standard deviations over the campaign period, medians, low and high percentiles. Among detected elements, the most abundant one is S, with a concentration of 1.0 mg m À3 in PM 10 and 0.7 mg m À3 in PM 1 ; its largest part (70%) Table 2 and the above considerations, we deduce that one of the principal constituents of PM 1 is ammonium sulfate, with an average concentration of 3.1 mg m
À3
. OC is also significant, with 1.5 mg m À3 on average, corresponding to 3.0 mg m À3 organic matter. The reconstruction of the PM 1 aerosol is detailed in Table 3 and Figure 1c . Besides the two major components mentioned above, minor constituents have been identified as ammonium nitrate, EC and crustal oxides (0.6 mg m À3 globally). Finally, one ends up with a reconstructed mass of 6.7 mg m À3 , representing 94% of the gravimetric datum (7.1 mg m À3 ). The two major contributors, ammonium sulfate and organic matter, are found in a nearly 1:1 proportion. Both are individually very well correlated to PM 1 (linear regression correlation coefficients of 0.94 and 0.81, respectively): We can thus reasonably assume that during the campaign PM 1 is the result of a relatively constant mix of these two aerosol types. The same cannot be said for ammonium nitrate and EC, which besides being observed in a relatively small amount, are poorly correlated to the overall PM 1 concentration.
Characterization of PM 10 at Mount Cimone
[29] PCA has been applied to the gravimetric and elemental PM 10 data set, where the daily size-resolved number concentrations determined by OPC have been included in the analysis: Table 4 lists the resulting factor loadings. Ionic concentrations have been omitted because ten samples could not be submitted to IC, which is destructive, since they have been kept aside for additional analyses (but in the end the latter analyses were not possible). The ten samples were selected in correspondence to significant dust episodes (see below) and thus removing them from the data set would have been a restriction that could have significantly altered the picture given by the statistical approach. We have thus preferred removing the ionic concentrations from the data set rather than excluding these particularly significant samples.
[30] Three components have been identified. Factor 1 represents 56% of the PM 10 variability, and is correlated to Mg, Al, Si, K, Ca, Ti, V, Mn, Fe and Sr: This sequence of elements is a clear signature of mineral dust. Factor 2, correlated to S, Zn, Br and Pb, has been associated to anthropogenic pollution, where Zn, Br and Pb are quantitatively present in traces (Table 1) . Factor 3, correlated to Na and Cl, has been associated to sea salt. APCA permitted to quantify the contribution of each component, as listed in Table 5 . It is also interesting to note how the number concentrations in size bins, determined by OPC, fit into this picture (Table 4) : Fine particles are correlated with pollution and coarse particles with mineral dust. The separation between the two components appears to be around a diameter of 0.7 mm. No significant correlation has been found for particles above 7.5 mm.
[31] The reconstruction of the PM 10 composition has been done also with compositional (rather than statistical) considerations, as summarized in Table 5 . When they are added together, elements ascribed to the Earth's crust Concentrations are given in ng m À3 . The ''Sample'' column indicates number of valid samples for which there is a detectable quantity of the given element (i.e., above the minimum detection limit). SD is standard deviation. Data are omitted for elements for which the number of valid samples is less than 40% of the total number of samples. , and the resulting concentration for ammonium sulfate is 4.6 mg m À3 . Sea salt has been quantified in 0.3 mg m À3 average concentration.
[32] Nitrate is found both in the fine and coarse aerosol fractions, and mostly in the latter, since its average concentration in PM 1 represents about one third of its average concentration in PM 10 . This observation is in line with the observations made by Henning et al. [2003] at the Jungfraujoch and by Putaud et al. [2004] at Mount Cimone, which have found nitrate internally mixed with mineral dust, because of adsorption of HNO 3 . In our data set, 45% NO 3 À is balanced with 110 ng m À3 NH 4 + , yielding 0.5 mg m À3 ammonium nitrate; the additional NO 3 À , 0.4 mg m
À3
, is accounted as unbalanced nitrate. We have placed ammonium nitrate with the pollution component, and unbalanced NO 3 À with mineral dust: We thus assume that the ionic balance is provided by crustal elements, such as Ca [see, e.g., Krueger et al., 2004] . We tend to believe that the unbalanced nitrate may be underestimated from our data set, due to the fact that ten samples, associated to significant dust advection episodes, were omitted in the IC analysis. If we could assume, for a crude evaluation, that unbalanced nitrate is proportional to Ca, we would increase its average concentration by 50% in order to account for the missing samples. A final observation on nitrate: In the polluted air mass, we have found a NO 3 À /SO 4 2À ratio of 0.1 (ratio of balanced NO 3 À to total SO 4 2À in both PM 10 and PM 1 fractions). This is in line with the conclusions by Henning et al. [2003] , i.e., that low values are found at remote sampling sites.
[33] The average aerosol concentration reconstructed by APCA amounts to 14.2 mg m À3 , 88% of the gravimetric determination. The reconstructed evolution with time of the three components is shown in Figure 2: As expected, the different aerosol types exhibit a quite different behavior, but the independent reconstructions by APCA and stoichiometric considerations are similar. In Figure 2b , only ammonium sulfate (deduced from elemental S) is displayed with the stoichiometric curve, since OM data are unavailable for PM 10 : This is the reason for the strong quantitative difference between the two curves in Figure 2b . The PM 10 pollution component is strongly correlated to gravimetric PM 1 (linear regression correlation coefficient 0.89, after reduction of the data set to a 48-hour resolution): This fact, in combination with the results for the compositional reconstruction of PM 1 in section 3.2 and to the factor loadings for aerosol sizes in Table 4 leads to the conclusion that PM 1 is mostly associated to the pollution component, and represents $70% of it (7.1 mg m À3 out of 9.7).
[34] The presence of V among crustal elements deserves a comment, since this element is often associated with residual oil combustion [Lee et al., 1999; Li et al., 2004; Almeida et al., 2005] , and in Table 4 its factor loading (0.66) is much smaller than for other crustal elements (!0.95). In fact, V is present in a very small quantity (average 3.1 ng m À3 for PM 10 samples above the minimum detection limit; concentration below the minimum detection limit, 1.5 ng m
, for 22 PM 10 samples). However, it must be said that V events are seen in the data set: In some cases they occur on days characterized by preponderance of pollution, but on major mineral dust events a V signal is clearly seen. For instance on JD 223, 7.9 ng m À3 V are observed, with a Si/V ratio of 920, and on JD 190, 4.1 ng m À3 V are observed, with a Si/V ratio of 550; the Si/V ratios must be compared to the natural Si/V ratio in the Earth's crust, which is 2100 according to the concentrations reported by Lide [1992] . We believe that although the data are little above the minimum detection limit and this variable is not as robust as other concentrations, some signal of crustal V is actually seen on major mineral dust events, thanks to the distance from oil combustion sources.
[35] Figure 2d compares the aerosol reconstruction by APCA to the gravimetric determination, and displays the missing part ($2 mg m À3 on average). Results obtained with both approaches (multivariate and compositional) are in agreement (Table 5 ), taken into account that the methodologies are quite different. A reasonable quantitative estimate of the different contributors to the Mount Cimone PM 10 (to the first significant digit) can be summarized as follows: 10 mg m À3 pollution, 4 mg m À3 mineral dust, and 0.2 mg m À3 sea salt. The proportions of ammonium sulfate and ammonium nitrate to the pollution component reflect those in total PM 1 , and thus we can roughly estimate that this peculiarity may be extended to organic matter, for which we have no data in the PM 10 fraction. With this assumption, OM could almost fill the gap between the APCA and stoichiometric approaches.
Size Distributions
[36] As mentioned above, daily OPC size distributions have been included in the APCA. While at every moment the measured size distribution expresses a mix of the three components that have been identified, reflecting the fact that different air masses are more or less mixed, we can construct a per component size distribution by examining the source profiles determined with APCA. The obtained distributions are displayed in Figure 3 , and their principal parameters are summarized in Table 6 . It can be seen that the pollution component is dominated by a relatively large number of small particles, whereas the mineral dust and sea salt components are characterized by large particles in a relatively small abundance. The size distributions are bimodal, and the sea salt distribution is even trimodal, although this trimodality may not be considered fully significant.
Features of Modena Aerosols
[37] Results of PM 10 sampling at Modena and elemental analysis thereof have been given elsewhere [D'Alessandro et al., 2006] , and are here briefly outlined since these data will be later used in comparison with the Mount Cimone data. The average PM 10 concentration was 36 mg m À3 (standard deviation 12 mg m À3 ). The combined use of the elemental concentrations determined by ED-XRF and of APCA permitted the identification of the four components listed in Table 7 : We can see that the identified components are qualitatively similar with the Mount Cimone case, except for the presence of an additional ''traffic'' component.
Discussion
[38] Our results for PM 10 can be compared to previous observations in the Mediterranean area. At Stelvio National Park, Italy (1300 m amsl), total suspended particulate (TSP) observations yielded 26.5 and 31.1 mg m À3 for summer and spring, respectively [Braga Marcazzan et al., 1993] ; a Saharan peak of 64.4 mg m À3 was also reported (26.0 mg m À3 of which are reconstructed as mineral dust using Particle Induced X-ray Emission, by taking oxides into account). When the S elemental concentration given in The effective diameter is defined as the ratio of the third to the second moment of the size distribution. this reference is converted to ammonium sulfate, 6 and 4 mg m À3 are found for summer and spring, respectively. At Jungfraujoch, Switzerland (3580 m amsl), however, the TSP level is much lower: The annual means range 3-5 mg m À3 and the average for Saharan dust events is 7.3 mg m À3 on 48-hour samples [Collaud Coen et al., 2004] . An outstanding event at the same site reported a TSP concentration of 118 mg m À3 [Schwikowski et al., 1995] . The ionic composition of the Jungfraujoch aerosols is given by Henning et al. [2003] : By converting their results for sulfate ions into ammonium sulfate mass concentration, 0.94 and 0.13 mg m À3 are found in summer and winter, respectively. Care is needed, however, when comparing PM 10 and TSP concentrations, as their ratio depends on size distribution [see, e.g., Querol et al., 2004] . The particulate matter concentrations at Stelvio National Park, Mount Cimone and Jungfraujoch show an inverse correlation with site altitude (as one would expect).
[39] Knowing that our measurements were taken at a site isolated from direct anthropogenic emissions, the concentrations obtained can be considered significant when compared to concentrations taken for reference at urban sites: In the European Union, for instance, a limit on average PM 10 concentrations of 20 mg m À3 has been proposed for 2010, and it has been proposed that concentrations larger than 50 mg m À3 should not be tolerated for more than 7 days per year (indicative limit values for stage II, as in directive 1999/30/EC). We note, however, that our average of 16.1 mg m À3 cannot be assumed representative of the annual average at Mount Cimone, as our measurements refer to a relatively short period of time and to the summer season only. It must also not be assumed as representative of boundary layer PM concentration, since our measurements have been taken at an altitude of 2 km above sea level, and thus above the boundary layer for a significant fraction of observation time. It is anyways noteworthy that a single mineral dust episode was associated to a concentration of as much as 69.9 mg m
À3
, and that episodes with even larger concentrations have been found frequent in the Mediterranean basin.
Transport Mechanisms
[40] In this section we wish to track the origin of the different air masses and try to find a hint on where the aerosols were originated and why they display the observed variability.
Mineral Dust
[41] In Figure 4a , six 3-D, 10-day, back trajectories ending at Mount Cimone at different times on JD 223 are displayed. The two evening back trajectories (1800 and 2200 local time) show air transport from the northern African continent: It seems therefore reasonable to conclude that the large mineral dust peak observed on JD 223 (PM 10 concentration, 69.9 mg m À3 ) is due to African air mass transport. Note that four of the displayed trajectories do not overpass Africa: Therefore, apparently, the Saharan dust event should not have been observed at Mount Cimone on the morning of JD 223. This is in contrast with our observations of the coarse particle number concentration (Figure 5 ), which suggest that the mineral dust event began around 1900 on JD 222, and ended around 0300 on JD 224. Therefore we need a more sophisticated approach than running isolated trajectories: According to Stohl [1998] a single trajectory is in general not sufficient for reliably describing the path of an air parcel. A problem originates from the amplification of small position disturbances in divergent wind flows [Seibert, 1993; Baumann and Stohl, 1997] .
[42] We have chosen a method similar to the one proposed by Collaud Coen et al. [2004] : We run ensembles of 27 10-day back trajectories, with slightly differing endpoints. Endpoints are shifted by ±0.5°in latitude and longitude and by ±200 m in altitude (the horizontal shift being of the order of a third of the meteorological grid point separation). Figure 4b , for instance, displays the back trajectory ensemble with endpoint at 0600 local time on JD 223: We can see that part of the trajectories overpass Africa, while another part do not. This picture is quite different than the one given by the 0600 trajectory on Figure 4a , which belongs to the trajectories that do not pass above the African continent.
[43] Trajectory ensembles allow to simply extract some statistical information, such as the portion of trajectories overpassing the African continent, the average number of days spent over Africa, and the overpassing altitude above the source region. Ensembles similar to the one displayed in Figure 4b have been run for the whole campaign period: Six ensembles per day have been run, spaced by 4-hour intervals. All runs belonging to one day (162 trajectories) have then been considered as a comprehensive ensemble, and daily statistics has been extracted. For instance, considering JD 223 as a whole, it results that 53% of the trajectories overpass Africa, and on average the time spent on that continent is 3.1 days. For 57% of their African time, JD 223 trajectories are found at an altitude smaller than 1500 m amsl, and for 96% at an altitude lower than 3500 m amsl.
[44] The average time spent over Africa has been retained as an indicator of the occurrence of African dust events, and has been plotted in both Figures 6a and 6b (open squares,  dashed line) . Note that 36% of the time spent over Africa corresponds to an altitude lower than 1500 m amsl, and 80% to an altitude lower than 3500 m amsl (whole campaign). In Figure 6 , the Si concentration (Figure 6a ) and the coarse particle number concentration (Figure 6b ) have also been displayed. By visual comparison, it can be seen that this representation simply explains in terms of African air mass transport all significant dust peaks, as recognized by the increased concentration of Si and coarse particles. The picture provided by Figure 6 allows us to confidently conclude that dust variations at Mount Cimone during our summer campaign are explained by African dust transport.
Sea Salt
[45] The sea salt concentration exhibits sudden increases in concentration, in a similar way to mineral dust (Figure 2) . A first glance at back trajectories run for sea salt episodes (not displayed here) shows that air masses may overpass both the Atlantic Ocean and the Mediterranean Sea, and that the time spent over the Atlantic can be much longer than the time spent over the Mediterranean; moreover the Atlantic part of the trajectories is often found at quite low altitudes ($1 km or less). It is therefore credible that mixing within the marine boundary layer over the Atlantic causes sea spray to enter the transported air mass arriving at Mount Cimone. The Mediterranean part of these trajectories, on the contrary, is rather short, and often found at more than 2 km above sea level. For these reasons, we think that marine aerosols found during our campaign are most probably originated above the Atlantic.
[46] However, processing trajectory ensembles systematically, in a way similar to what has been described for mineral dust (not shown here) does not yield conclusive information: As a matter of fact most trajectories spend a long time over the Atlantic, even for days when no signal of sea salt is measured at Mount Cimone. We conclude that the methodology used for identifying African dust events cannot be easily extended to other aerosol sources, and that a reasonable doubt on the origin of the salt remains. A possible explanation of this shortcoming is rainout along the transport path from the Atlantic to Mount Cimone, and we believe that an improved treatment of back trajectories for aerosol studies could take precipitation into account. 
Pollution
[47] The concentration of pollution aerosols, well correlated with S, shows a rather different behavior than mineral dust and sea salt (Figure 2 ): Their concentration is dominant (60% of PM 10 ), but shows much less variability. According to APCA, for instance, this aerosol type accounts for 21% of the aerosol variance (Table 4) . This low variance suggests a nearby source, less subject to the randomness of longrange transport, and the principal candidates are the Po Valley, one of the most industrialized regions in Europe, lying on the northeastern side of the Apennines, and the valleys of Tuscany on the southern side. In Figure 7b , S concentrations at Modena and Mount Cimone are compared for the common part of the data set: Despite being much lower than S concentrations at Modena (less than a half), S concentrations at Mount Cimone show a similar behavior (linear regression correlation coefficient: 0.78), thus confirming our hypothesis.
[48] In the case of regional-scale tracer dispersion, the meteorological mechanism is quite different than the longrange transport by synoptic winds examined earlier, and might be better related to convective motion and vertical mixing within the Planetary Boundary Layer, where an air parcel quickly looses its identity. Local meteorological effects also play a role, as mountain sites are often influenced by anabatic and katabatic winds during summer [Zaveri et al., 1995] . A hint of the effect of vertical mixing is given for instance in the plot of fine particles in Figure 5 , where a daily maximum around 1500 local time is clearly seen. This is confirmed by the average summertime diurnal trend for fine particles, which exhibits lowest concentrations at nighttime and an increase in the afternoon (1500 -1800 local time). A similar diurnal cycle for Mount Cimone has already been described by Fischer et al. [2003] and Van Dingenen et al. [2005] .
[49] The analysis of mixing height can provide useful information for describing the transport processes related with the presence of regional pollution at Mount Cimone. The daily mixing height determined from radiosonde data is displayed in Figure 7b , together with the two S concentrations: The correlation appears convincing. In particular, some of the highest S loadings at Mount Cimone have been recorded simultaneously with high S concentrations in Modena, and large mixed layer depths in the Po basin. We conclude that the transport of regional aerosol under favorable meteorological conditions represents one of the most important sources of pollution at Mount Cimone during our summer campaign.
Relationship With Po Valley Aerosols
[50] In Figure 7b , S concentrations for PM 10 at Modena and Mount Cimone have been related. In this section we shall investigate whether this behavior can be extended to other concentrations, representative of different aerosol types. Beside the S concentration, Figure 7 displays the variations of PM 10 , Si and Na at both sites; Si and Na concentrations being considered representative of the mineral dust and sea salt components of the aerosol, respectively. Looking at PM 10 (Figure 7a ), one notices that some features are indeed common to both sites, but that in general the correlation of the two sequences is rather weak (linear regression correlation coefficient: 0.31; increased to 0.53 by removing the outliers on JD 222-224).
[51] In particular, note that the largest concentration occurring at Mount Cimone (JD 223) is associated to an ''average'' concentration in Modena, although the presence of a relative maximum may lead the observer to believe that the dust event was observed in Modena as well. Nevertheless, a larger concentration of S (3.2 mg m À3 , Figure 7b ), as compared to Si (1.6 mg m À3 , Figure 7c ) suggests that this maximum must not be ascribed to an increase of mineral dust alone. Note, however, that a weak Si maximum is observed in Modena on JD 224 (2.9 mg m À3 ). In general, the correlation between the two Si concentrations in Figure 7c seems even weaker than for PM 10 (linear regression correlation coefficient: 0.03; increased to 0.43 by removing the outliers on JD 222-224). This decorrelation can be in part explained by the fact that Si events at Modena occur sometimes one day earlier (JD 233) or later (JD 223, 237, 247) than Si events at Mount Cimone, as already pointed out by Bonasoni et al. [2004] for urban areas in the Po basin.
[52] As for what Na is concerned (Figure 7d) , the correlation at the two sites is rather good (linear regression correlation coefficient: 0.76), suggesting that marine advec- Figure 7b the mixing height at San Pietro Capofiume (altitude above mean sea level) is also displayed (solid line). tion events at both sites tend to occur simultaneously. Only for dust events, therefore the two sites seem decorrelated. This circumstance suggests that the advection of dust at Mount Cimone takes place during free tropospheric conditions (see also the noontime relative minimum in the coarse particle number in Figure 5 ).
African Dust and Geochemical Signatures
[53] In Figure 8 , individual back trajectories for days affected by African dust transport to Mount Cimone are plotted. Days have been selected according to the criterion that the average time over Africa per trajectory (Figure 6 ) is at least 0.5 day. For each selected day, one of the computed trajectories within the ensemble has been randomly chosen. Figure 8 gives an idea of where in Africa the dust is originated. Most of the trajectories, in fact, overpass the northwestern part of the continent (Morocco, northern Algeria and Tunisia): The observed dust episodes for those days are therefore attributed to the northern Sahara. However, a special attention is deserved by the episode which occurred on JD 247 (broken line), since the plotted trajectory originates in the Sahelian region (Mali and Mauritania). The ensemble computed for this day is coherent with the randomly chosen trajectory.
[54] Elemental ratios are often used as geochemical fingerprints of African dust [see, e.g. Martin et al., 1990; Perry et al., 1997; Chiapello et al., 1997; Formenti et al., 2001; Borbély-Kiss et al., 2004] . In Figure 9 , a few of these ratios have been depicted, distinguishing between northern Saharan episodes, the Sahelian episode, and all the other campaign days. These plots have to be compared to those presented by Chiapello et al. [1997] and Borbély-Kiss et al. [2004] .
[55] In Figures 9a and 9b , points corresponding to northern Saharan events are in a region of the plot which corresponds to the graphs displayed in the work of Chiapello et al. [1997] for northwestern Sahara. In Figure 9c , points corresponding to northern Saharan events are slightly higher in the plot than the Saharan points displayed in the work of Borbély-Kiss et al. [2004] : Our data set tends to exhibit larger Ti/Fe and Ti/Ca ratios. In Figures 9a -9c , the Sahelian event of JD 247 shows elemental ratios more or less in the average of the northern Saharan events: This observation is in contrast with the conclusions of other authors, as, for instance, Chiapello et al. [1997] , but has to be considered with care since it represents only one observation day. Ratios for the remaining campaign days display some overlap with the African dust events, but on average exhibit a different behavior. According to our limited data set, the ratios which Figure 8 . Individual back trajectories for days classified for Saharan dust transport to Mount Cimone (see text). For each of the following days, one daily trajectory has been randomly selected from the ensemble: JD 190, 203, 205, 218, 219, 222, 223, 224, 237, 238, and 247 [56] Average elemental ratios are given in Table 8 . Si/Al, Fe/Ca and K/Ca ratios for the African case match almost identically the ratios derived by Chiapello et al. [1997] at Cape Verde for the northwestern Saharan sector. A difference arises in the Ca/Al ratio, which is larger in our data set by 50% (but still compatible within the standard deviation). A difference arises also with the data by Borbély-Kiss et al. [2004] for the Saharan Ti/Ca and Ti/Fe ratios, which are exceeded in the present work by 40-50%. Finally, ratios derived at Mount Cimone are somewhat different than ratios calculated from the concentration data for sand samples in the Saharan region given by Krueger et al. [2004] . It must be pointed out, however, that the sampling site used in that research was located in the Central Sahara, at a large distance from the territories of the northern Sahara which are, according to back trajectories, the main source of dust at Mount Cimone.
Conclusions
[57] Daily aerosol properties have been measured at Mount Cimone during a 3-month period in summer 2004. On average, 16.1 mg m À3 have been observed (PM 10 ), but a large variability of all measured parameters dominated the campaign, as is usual with aerosol measurements. A combination of source apportionment approaches using stoichiometric considerations and multivariate statistics allowed us to separate the signal due to three different aerosol classes, each being driven by an independent variability pattern: mineral dust, anthropogenic pollution, and sea salt.
[58] The most abundant component of the aerosol has been associated to anthropogenic pollution (10 mg m À3 , mostly in the fine fraction); this component has also been found to yield a relatively small contribution (21%) to the overall aerosol variability. Regarding the composition of pollution, the representation is more complete with the PM 1 fraction, for which carbonaceous concentrations are available. The most of it is represented by ammonium sulfate and organic matter, in a nearly 1:1 proportion, which together represent the 86% of the total and show a significant correlation with each other. Small concentrations of ammonium nitrate, elemental carbon, and crustal oxides were also identified. A small nitrate/sulfate ratio has been found, as already observed by Henning et al. [2003] at the Jungfraujoch. Simultaneous observations in Modena and the mixed layer depth suggested that for a large part this component could be ascribed to regional pollution, transported at Mount Cimone under a boundary layer convection regime.
[59] Mineral dust reconstruction by APCA was found quantitatively compatible with a composition based on the metallic oxides that are found in the Earth's crust, amounting to 4 mg m
À3
. Besides crustal oxides, $10% of the mineral dust concentration has been attributed to nitrate ions. The presence of nitrate in advected mineral dust particles confirms the conclusions of Henning et al.
[2003], Putaud et al. [2004] and Krueger et al. [2004] . Mineral dust contributed mostly to the concentration of coarse particles. Despite representing on average only one fourth of the aerosol concentration, it has been the cause for most (56%) of the observed aerosol variability. By tracing this variability with ensembles of back trajectories computed with the Hysplit model, we could explain this aerosol class in terms of long-range transport from the African continent, particularly from the northern Sahara. Elemental signatures for dust events, often used as geochemical tracers, have been found to correspond to the results of Chiapello et al. [1997] in what Si/Al, Fe/Ca and K/Ca are concerned. Ratios for Ca/Al, Ti/Ca and Ti/Fe showed a 40-50% exceedance with respect to published results by Chiapello et al. [1997] and Borbély-Kiss et al. [2004] . In one case trajectories displayed dust advection from the Sahel.
[60] The observed concentration of sea salt at Mount Cimone was quite low (average 0.2 mg m
, maximum 1-1.5 mg m
). Roughly speaking, the concentration of sea salt has been associated to low aerosol periods and to the ''cleaning'' of the atmosphere after African dust events.
[61] The three aerosol classes explain 88% of the observed aerosol concentration and 84% of its variability. We have therefore provided an estimate, at this site and for the period of time under study, of the relative contribution of anthropogenic (pollution) and natural aerosol components (mineral dust and sea salt). 
